Background: Factors that are relevant to the decision regarding the use of surgical treatment for degenerative spon-
D
egenerative spondylolisthesis is defined as the forward translation of 1 vertebra relative to another [1] [2] [3] . Most commonly seen in women over the age of 50 years, degenerative spondylolisthesis is frequently asymptomatic but may cause neurogenic claudication associated with spinal stenosis 4 . Nonoperative treatment, typically involving physical therapy and nonsteroidal anti-inflammatory drugs (NSAIDs), is widely accepted as the most common first line of care for degenerative spondylolisthesis. The decision to proceed with operative or nonoperative treatment is made jointly by the surgeon and patient on the basis of the risks and benefits of treatment, symptom severity, treatment expectations, complication potential, and quality of life 5 . Decompression and fusion to stabilize the spondylolisthesis and relieve stenosis is commonly indicated for patients with degenerative spondylolisthesis 6 . However, distinguishing patients who would most benefit from operative treatment is frequently unclear. Accordingly, the evaluation of baseline patient characteristics as they relate to disease progression and treatment prognosis is essential in order to optimize clinical decision-making.
The relationship between surgical timing (immediate or delayed by initial nonoperative care) and the associated impact on patient outcomes is understudied. Villavicencio et al., in a recent study of patients undergoing transforaminal lumbar interbody fusion, found that shorter duration of symptoms was a significant predictor of better radicular pain resolution 7 .
The clinical value of encouraging continued nonoperative treatment lies in the hope that symptomatic resolution can be achieved without the risk of surgery; however, this approach has inherent risk as well in that the long-term outcomes may be affected as a result of worsening of symptoms.
Few studies have evaluated the specific characteristics of patients who initially are assigned to nonoperative care and subsequently undergo surgery. In prospective randomized trials involving operative and nonoperative treatment, crossovers between treatment groups can be quite common [8] [9] [10] . These crossovers give a unique perspective on why patients undergo surgery with respect to timing, symptom severity, and qualityof-life considerations 11 . In analyzing patients who initially pursue nonoperative management but subsequently move to surgical intervention, it is likely that certain baseline patientrelated factors predispose the decision for or against surgery. Identifying and understanding parameters that may influence patient decision-making would aid surgeons in defining what patients consider to be their most important burden and in refining the treatment algorithm for spondylolisthesis.
The purpose of the present study of patients who had been randomized to nonoperative treatment of degenerative spondylolisthesis was to compare the profiles of patients who continued to receive nonoperative care with those of patients who instead crossed over to the operative group. Risk factors increasing the likelihood of treatment transition may uncover groups of patients who are most likely to cross over. Given the high cost associated with ineffective health care, characterizing patients who are at risk to cross over from nonoperative to operative treatment may facilitate further understanding of the drivers of conversion to surgical intervention and potentially allow for more efficient patient counseling and more costeffective treatment.
Materials and Methods

Study Design
T he present study involved a retrospective review of the results of a prospective, randomized multicenter clinical trial (ClinicalTrials.gov NCT00000410). Patients from 13 participating U.S. sites were enrolled in the trial between 2000 and 2005. Patients were randomized to either nonoperative care or standard posterior laminectomy with or without bilateral singlelevel fusion (using iliac crest bone-grafting with or without instrumentation). Eligible patients who declined treatment randomization were invited to participate within the nonoperative study arm. Institutional review board approval was obtained at each participating site prior to patient enrollment.
Eligibility Criteria and Patient Groups
The present investigation included randomized patients ‡18 years of age who had had symptoms for at least 12 weeks (pseudoclaudication or radicular pain with associated neurological deficit or spinal stenosis at the level of listhesis [L3 to L4 or L4 to L5] with or without adjacent-level stenosis) and radiographically confirmed degenerative spondylolisthesis (degenerative forward slippage of the L3 vertebral body relative to the L4 vertebral body or the L4 vertebral body relative to the L5 vertebral body in the sagittal plane as seen on a lateral view). Primary analysis stratified patients into 2 cohorts: (1) the surgery cohort (patients who underwent surgery at any point) and (2) the nonoperative cohort (patients who continued to receive nonoperative treatment). Secondary analysis compared early-crossover patients (those electing surgery within 6 months after enrollment) with latecrossover patients (those electing surgery after receiving >6 months of nonoperative treatment). The 6-month cutoff was Values in this table are expressed as the mean and the standard deviation or as the number of patients with the percentage in parentheses. †Race or ethnic group was self-assessed. Whites and blacks could be either Hispanic or non-Hispanic. ‡This category includes patients who were receiving or had applications pending for Workers' Compensation, Social Security compensation, or other compensation. §The body mass index (BMI) is the weight in kilograms divided by the square of the height in meters. #Other = problems related to stroke, cancer, fibromyalgia, chronic fatigue syndrome (CFS), posttraumatic stress disorder (PTSD), alcohol, drug dependency, lung, liver, kidney, blood vessels, nervous system, migraine, or anxiety. **The SF-36 scores range from 0 to 100, with higher scores indicating less-severe symptoms. † †The Oswestry Disability Index (ODI) ranges from 0 to 100, with lower scores indicating less-severe symptoms. ‡ ‡The Stenosis Frequency Index ranges from 0 to 24, with lower scores indicating less-severe symptoms. § §The Stenosis Bothersomeness Index ranges from 0 to 24, with lower scores indicating less-severe symptoms. ##The Low Back Pain Bothersomeness Scale ranges from 0 to 6, with lower scores indicating less-severe symptoms. ***The Leg Pain Bothersomeness Scale ranges from 0 to 6, with lower scores indicating less-severe symptoms. † † †Patient expectation of being free of pain with surgery or with nonoperative treatment was dichotomized as "certain"
or "big chance" vs. "no chance," "small chance," or "moderate chance."
selected on the basis of the distribution of crossover times. Additional methodological information is provided in the original report outlining the details of the trial 12 . 
Risk Factors
Patient demographic characteristics, comorbidities, clinical characteristics, and expectations and attitudes toward surgery were assessed as risk factors for crossover from nonoperative to operative treatment of lumbar degenerative spondylolisthesis. Patient attitudes and expectations were evaluated with questions related to dissatisfaction with symptoms (options: "very dissatisfied with symptoms" or "not dissatisfied"), whether the problem was getting better or worse (options: "getting better," "staying about the same," or "getting worse"), treatment preference (options: "definitely prefer non-surgical treatment," "probably prefer non-surgical treatment," "not sure," "probably prefer surgery," or "definitely prefer surgery"), and whether the patient had a high expectation of being free of pain with surgery/nonoperative care (options: "yes" or "no"). The baseline PROMs were also assessed as risk factors for surgical crossover.
Statistical Analysis
Baseline demographic characteristics, comorbidities, expectations and attitudes toward surgery, and PROMs were assessed for normality. Parametric and nonparametric comparisons between the 2 groups were used as appropriate (e.g., chi-square tests for categorical variables and t tests for normally distributed continuous variables). To analyze risk factors for conversion . †The values are given as the mean and the standard error. ‡Treatment effect is the difference between the surgical and nonoperative mean change from baseline. The 95% CI is given in parentheses. §The SF-36 scores range from 0 to 100, with higher scores indicating less-severe symptoms. #The Oswestry Disability Index ranges from 0 to 100, with lower scores indicating less-severe symptoms. **The Stenosis Bothersomeness Index ranges from 0 to 24, with lower scores indicating less-severe symptoms. from nonoperative to surgical treatment, a Cox proportional hazards model incorporating time to crossover was used. The final model selection was based on the Akaike information criterion (AIC). The effect of surgical treatment on PROM scores was assessed with a mixed-effects longitudinal regression model using PROM score changes from baseline at each follow-up interval (6 weeks, 3 months, 6 months, 1 year, 2 years, 3 years, and 4 years). This model incorporated a random individual effect to account for correlation between repeated measurements within individuals. In these as-treated analyses, the treatment indicator was a time-varying covariate, allowing for variable times of surgery. Follow-up times were measured from the time of surgery for the surgical group and the time of enrollment for the nonoperative group; baseline covariates were updated to the follow-up immediately preceding the time of surgery for surgical visits. This procedure has the effect of including all changes from baseline prior to surgery in the estimates of the nonoperative treatment effect and all changes after surgery in the estimates of the surgical treatment effect. The analyses were adjusted for age, sex, race, marital status, whether the problem was getter better or worse, treatment preference, and baseline scores (SF-36, ODI, and Stenosis Bothersomeness Index). Across the 4 years of follow-up, overall Hazard ratios are reported along with 95% confidence intervals (CIs). The level of significance was defined as p < 0.05 on the basis of a 2-sided hypothesis test, with no adjustments made for multiple comparisons.
Results
Surgery and Nonoperative Cohorts
O verall, 145 patients with degenerative spondylolisthesis (average age, 65.6 years; 68% female) were randomized to receive nonoperative treatment. Of these, 80 patients (55.2%) crossed over to surgical treatment during the 8 years of study enrollment; these patients constituted the surgery cohort (Table I) . Of the 80 patients in the surgery cohort, 55 underwent surgery within 6 months after enrollment (early surgery subgroup) and 25 underwent surgery >6 months after enrollment (late surgery subgroup). The 65 patients who had been randomized to nonoperative treatment and remained in the nonoperative treatment arm for all 8 years of the study constituted the nonoperative cohort.
Crossover to Surgical Treatment Analysis of the baseline demographic characteristics demonstrated that the patients in the nonoperative cohort were older than those in the surgery cohort (mean age, 68.1 compared with 63.6 years; p = 0.009) ( Table I ). There were no significant differences between cohorts in terms of race or sex. There also were no significant differences in terms of hypertension, diabetes, osteoporosis, heart problems, stomach problems, bowel or intestinal problems, depression, joint problems, or other comorbidities (Table II) .
Patients who crossed over were more likely to be "very dissatisfied with symptoms" (p = 0.035) and were more likely to have defined their preoperative treatment preference as "probably prefer surgery" or "definitely prefer surgery" (p < 0.001). Conversely, patients who did not cross over were more likely to have chosen "probably prefer non-surgery" or "definitely prefer non-surgery" (p < 0.001). There were no significant differences between the surgery and nonoperative cohorts in terms of the validated PROMs (SF-36 Bodily Pain score, Physical Functioning score, and MCS; ODI; Stenosis Frequency Index; Stenosis Bothersomeness Index; Back Pain Bothersomeness Index; and Leg Pain Bothersomeness Index) (p > 0.05 for all). All PROMs displayed normal distributions, with the exception of SF-36 Bodily Pain at 1 year, SF-36 Bodily Pain at 3 years, and SF-36 Physical Functioning at 4 years.
There were no significant differences between the surgery and nonoperative cohorts in terms of the degenerative spondylolisthesis-related diagnoses that were assessed (pseudoclaudication, neurological deficits, listhesis levels, stenosis levels, stenosis locations [central, lateral recess, foramen], stenosis severity, and spinal instability) (p > 0.05). In addition, baseline evaluations of previous treatment methods revealed no difference between the groups in terms of opioid use, antidepressant use, NSAID use, or physical therapy. However, compared with the nonoperative cohort, the surgery cohort had a greater rate of treatment with epidural or facet injections prior to crossing over to surgical treatment (58% versus 38%; p = 0.035).
The Cox proportional hazards model adjusted for concurrent demographic predictors of crossover via hazard ratios. Attitudes toward surgery (specifically, a preference for surgery as opposed to a preference for nonoperative treatment [hazard ratio, 4.33; 95% CI, 2.31 to 8.12] and a response of "not sure" as opposed to a preference for nonoperative treatment [hazard ratio, 3.75; 95% CI, 2.08 to 6.76]), greater ODI score (hazard ratio, 1.01 per point; 95% CI, 1.00 to 1.03), and marital status (hazard ratio, 1.76; 95% 1.01 to 3.07) were the only independent predictors of crossover from nonoperative to operative . †The values are given as the mean and the standard error. ‡Treatment effect is the difference between the mean change from baseline for patients with surgery within 6 months after enrollment and the mean change from baseline for patients with surgery >6 months after enrollment. The 95% CI is given in parentheses. §The SF-36 scores range from 0 to 100, with higher scores indicating less-severe symptoms. #The Oswestry Disability Index ranges from 0 to 100, with lower scores indicating less-severe symptoms. **The Stenosis Bothersomeness Index ranges from 0 to 24, with lower scores indicating less-severe symptoms.
care, and joint problems (hazard ratio, 0.63; 95% CI, 0.40 to 1.00) predicted a lower risk of crossover from nonoperative to operative care (Table III) .
Outcomes of Group That Crossed Over to Surgery Compared with Nonoperative and Immediate Surgery Groups
There were no baseline differences between the nonoperative and surgery cohorts in terms of PROM scores (Table II) . At 1 year after enrollment, patients in the surgery group had greater improvement in scores relative to the nonoperative group on all health-related quality-of-life measures that were analyzed (Table IV, Fig. 1 ). Treatment effect, defined as the mean difference in health-status scores between the nonoperative and surgery groups, was significant (all p < 0.001, Table  IV) . Analysis of treatment effect over time showed that the difference between the groups in health status scores stayed relatively constant over the 4 years of follow-up after enrollment (for the nonoperative group) or surgery (for the surgery group) (Table V) .
Outcomes in Early-Surgery and Late-Surgery Subgroups PROMs were evaluated for the early and late-surgery subgroups with the follow-up times based on the date of surgery (Table V, Fig. 2 ). While the early-surgery subgroup had a lower Mean change in scores over 4 years (area under the curve), according to time to crossover. Early crossovers received surgery within 6 months after enrollment, and late crossovers received it >6 months after enrollment.
baseline physical function score, this difference was no longer significant after 1 year (mean, 32.3 for the early-surgery subgroup versus 22.3 for the late-surgery subgroup; p = 0.200).
Discussion
S urgeons' motivations for recommending surgery are multifactorial, depending on the severity and progression of symptoms, the severity of findings on diagnostic imaging studies, concomitant comorbidities, expectations, and quality of life 5 .
Patients play an equal role in the decision-making process. Their reasons to pursue or not to pursue surgery depend on their current physical and emotional condition and the prospects for their future condition. Studies examining reasons to pursue surgery traditionally have examined rates of surgery in different patient populations, but, to our knowledge, no study has shown a decision-making process examining nonoperative treatment patients who go on to seek surgical treatment 13 . Comparing these baseline considerations as they relate to the disease state is essential for optimizing surgeon decision-making.
In a landmark study, the Spine Patient Outcomes Research Trial (SPORT) examined patients undergoing surgical treatment for degenerative spondylolisthesis compared with conservative care 10 . SPORT established recommendations in favor of surgery, with superior outcomes compared with nonoperative care following both short and long-term follow-up; these findings appear to be potentially generalizable and consistent with those in studies involving national cohorts 14 . However, the number of crossovers was so great that intention-to-treat analysis was abandoned in favor of as-treated analysis. Evaluation of the predictors of crossover from nonoperative treatment to surgery indicated that those who crossed over were younger, were more often married, were less satisfied with symptoms, and had stronger preferences for surgery 10 . The current study examined the decision of those same individuals to seek surgery in greater detail by controlling for confounding factors for crossover and isolating early-stage and late-stage crossovers.
Cox proportional hazards models revealed that patient treatment preference, greater ODI score, marriage, and no joint problems were independent predictors of crossover to surgery. In contrast, diagnosis and clinical differences did not predict crossover to surgery. For example, the number of stenotic levels, stenosis severity, spinal instability, and listhesis levels did not influence time to crossover. Spondylolisthesis symptoms may come and go over long periods of time as inflammation subsides or the disc stabilizes, which can make determining the disease prognosis difficult. Other studies have similarly shown difficulty in using pathology, whether radiographically or clinically defined, for predicting patient symptomology 15, 16 . In fact, MacGregor et al., in a study involving 1,064 twins in total, found that psychological and lifestyle variables were strong predictors for back pain along with magnetic resonance imaging changes 16 . Nonoperative interventions such as opioid use, antidepressant use, NSAID use, and physical therapy did not predict crossover. However, a higher injection rate was noted for patients who crossed over to pursue surgery. Further research is needed to quantify the effect of nonoperative measures on long-term outcomes. Pearson et al. described better nonoperative treatment outcomes for patients with greater mobility at baseline 17 . The original SPORT trial evaluated patients who had undergone nonoperative or operative treatment on an as-treated basis. The current study evaluated postoperative improvement in patients who crossed over from nonoperative to operative care. In the present analysis, patients randomized to the nonoperative group who received surgery, although delayed, fared significantly better than patients who continued to receive nonoperative treatment, at least until the 4-year time point.
In patients with stenosis who were enrolled in the SPORT trial, significant differences between operative and nonoperative treatment were found at 4 years but not at 8 years 18 . Eight-year results on the degenerative spondylolisthesis group have not been published, to our knowledge. However, the current study showed that at 4 years in the assigned-nonoperative cohort, patients who had crossed over to surgery fared significantly better than patients who stayed in the nonoperative group.
A secondary aim of the present study was to evaluate whether delayed surgery affected long-term outcomes. In our analysis of patients who crossed over within and after 6 months of nonoperative care, there was no difference in long-term outcomes according to PROMs.
We recognize that the present study had several limitations. Foremost, at baseline, patients may not have understood the randomized nature of the trial or may not have been committed to the trial but for some reason agreed to be randomized. Also, the surgical procedures that were offered to patients varied, including with regard to the inclusion and method of fusion, which could impact long-term outcomes.
Additionally, although randomized controlled trials (RCTs) can control for known and unknown confounding variables, it is important to recognize the role of confirmation bias as a confounder in the present study, especially as it relates to the randomization of patients into operative and nonoperative study arms. To reduce confirmation bias, the present investigation excluded patients who declined randomization as this refusal may be indicative of a preexisting preference toward a specific treatment arm. Despite this notion, the present investigation could not control for patients' preconceived surgical preferences. It is possible that patients who were randomized to nonoperative treatment possessed the preexisting view of surgery as a necessary intervention following the failure of nonoperative treatment, regardless of the likelihood of postoperative improvement. Such a preexisting conviction could predispose patients toward crossover to surgical intervention, effectively confounding the assessment of factors influencing patients to pursue surgery.
Current spine-specific clinical research is plagued by high operative crossover rates, resulting in a lack of viable control arms and making it extremely difficult to draw long-term outcome conclusions 19, 20 . Having a greater understanding of why patients cross over between treatment arms may help to control for crossover rates in future RCTs, thus providing higher-quality evidence. The present study serves as a good first step toward finding the best evidence for clinical action, especially in light of the marked lack of high-level evidence in spine-specific clinical research. Still, future research should incorporate data from non-RCT sources, as RCTs can be resource-intensive and only applicable to a specific set of controlled conditions 21 .
In conclusion, neurological symptoms and diagnoses (including listhesis and stenosis severity) did not predict which patients who had been randomized to nonoperative care would cross over to surgery. The only patient baseline characteristics that significantly predicted crossover were the patient desire for surgery, greater ODI score, marital status, and having no joint problems. Patients with certain demographic characteristics crossed over at a higher rate, but crossover was contingent on their baseline attitudes toward surgery. n
